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Abstract. The oscillating water column device shows promise in becoming a 
viable wave-energy extraction system. Initial model tests show it to have 
a high efficiency, wave to air energy conversion, relative to other wave- 
energy extraction systems. Tine wave-energy extraction process is mathemat- 
ically modelled in this paper and the results presented to predict the per- 
formance characteristics of the oscillating water column. The mathematical 
model reveals that the wave-energy extraction efficiency can be maximized by 
tuning the structure to the incident wave parameters. 
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INTRODUCTION 
Sea waves have been an obvious source of en- 
ergy for centuries. Numerous wave-energy 
extraction systems have been proposed. Many 
of these have been designed and constructed 
and shown to have promising energy extrac- 
tion potential. The design of an .efficient 
wave-energy extraction system requires an 
understanding of the dynamic interaction bet- 
ween the energy-containing incident wave and 
the energy extraction device. This paper 
developes a numerical model which simulates 
the dynamic interaction between an incident 
wave and an oscillating water column energy 
extraction device. 
BACKGROUND 
The extraction of energy from sea waves has 
excited many investors and has resulted in 
numerous devices and patents. McCormick 
(1981) has conveniently catagorized these 
into six different types. They are : (a) 
heaving or pitching bodies which generally 
utilize surface displacement as an energy 
source, (b) pressure devices which respond 
to the hydrostatic and dynamic pressure 
changes as a water wave progresses over them, 
(c) surging wave energy converters which at- 
tempt to capture the energy as the wave en- 
ters the surf zone, (d) particle motion con- 
verters which harness the energy of the mov- 
ing water particles, (e) recent advance tech- 
niques which include in part Salter’s nodding 
duck, Cocerell’s raft, Russell’s rectifiers 
and Lockheed’s Dam-A-Toll and (f) cavity 
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resonators which dynamically amplify the 
displacement of a water column in an effort 
to improve the efficient of the energy- 
extraction process. One cavity resonator 
which shows promise as an efficient wave en- 
ergy extraction device is the Oscillating 
Water Column. (OWC) system shown in Fig. 1. 
The British National Engineering Laboratory 
have determined that the OWC is one of the 
most attractive devices for energy extrac- 
tion from the England and Scotland coast- 
line. Elliot, Roxburg and Moody (1979) have 
reported on the British National Engineering 
Laboratory OWC design. A bottom-standing 
oscillating water column design was deter- 
mined to be the most viable concept. 
McCormick (1981, 1975, 1974) has analysed 
both fixed and floating oscillating columns 
using linear analysis. The analysis devel- 
oped in this paper includes the non-linear 
dynamic relationships of the oscillating 
water column. 
The operation of energy extraction with an 
oscillating column is that a cavity or cylin- 
der is placed in a wave zone. The impinging 
waves cause the water column in the cavity 
to oscillate up and down.. The vertical mar 
tion of the free surface in the cavity acts 
similar to a reciprocating piston compressor. 
The vertical displacement of the free sur- 
face is dynamically amplified at resonant 
conditions. The reciprocating water surface 
pumps air through rectifying valves into a 
turbine device. A final conversion to elec- 
trical energy is most practical through a 
turbo-generator set. 
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OWC ENERGY EXTRACTION MODEL 
A pneumatic wave-energy conversion chamber 
consists of a fixed vertical chamber par- 
tially filled with water and open to the sea 
waves at the lower end as shown in Fig. 2:. 
Energy is extracted by means of an air tur- 
bine located at the upper end of the vertical 
chamber. 
Tine dynamic analysis of the wave-energy ex- 
traction process requires relationships de- 
scribing (i) the dynamic motion of the inter- 
nal water column being sinusoidally excited 
by the external surface waves, (ii) the mo- 
mentum relationship between the air being 
forced into the turbine by the oscillating 
water surface and that which exits the tur- 
bine passages once the energy has been ex- 
tracted and (iii) a power extraction rela- 
tionship. 
With reference to Fig. 3, and Fig. 4, the 
dynamics of the internal water mass may be 
described by Eq. (1). 
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Where the bar over the pressure terms repre- 
sent space-averaged values. 
The velocity potential for a wave travelling 
as shown in Fig. 5, may be expressed as de- 
veloped by McCormick (1976) by Eq. (2). 
~ = x cosh(kz+kh) 
w cosh(kh) 
sin(kx-wt) (2) 
Tine pressure variations beneath the surface 
wave may be described in terms of the veloc- 
ity potential, McCormick (1973), by Eq. (3). 
ae 
P = -p z -ogz (3) 
If the pressure expression as determined from 
Eq. (3) is evaluated at the lower opening to 
the chamber (i.e. z = -LI) the pressure forc- 
ing the mass of water upwards into the cham- 
ber is given by Eq. (4) as a function of the 
spatial co-ordinate x. 
p = Pz=L1 = PO 
=pag cosh(kh-kLl) 
cosh(kh) cos (kx-wt) + pgLl 
The space average pressure, Fe, forcing the 
mass upward is obtained by space averaging 
the cos(kx-wt) term such that 
cos(kx- t.) = L 
AI J 
cos (kx-wt) dA (5) 
Al 
so that the space average pressure at the 
depth Ll is expressed as 
To = pg cosh(kh-kL1) 0 cos(wt) + pgL1 
cosh(kh) (6) 
where 0 = 2ahy sin @? 
Ul 2 
Substituting Eq. (6) into Eq. (1) and assum- 
ing that the internal surface oscillatory 
diplacement is small relative to the draft 
of the vertical chamber (i.e. nc<Ll) results 
in a conventional non-homogeneous second- 
order differential equation describing the 
dynamics of the.internal fluid surface. 
. . 
n + 
b, 
pwLIAl 
;I+ k n = F. cos(ot) - -& (7) 
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where F. = 
g cosh(kh-kLl) 8 
Ll cosh(kh) 
Application of the unsteady fluid momentum, 
Eq. (8)s 
CF =k 
J / 
-- 
Y pVYd + + 
pVyV*dA (8) 
Y A 
to the air flow through the turbine passage, 
Fig. 6, yields an expression of the chamber 
pressure, Pl, as a function of the internal 
water surface dynamics and the turbine reac- 
tive force Ft. 
F 
Pl = J - PA $ ;12 + PA 2 Lt ;; 
A2 
(9) 
Assuming the average pressure ‘p; is in phase 
with the velocity of air flowing through the 
turbine passage such that 
. 
Pl = Pl h 
AZ& ’ 
. 
and zG& = SIN(wt-a), where w is the fre- 
quency of the external exciting waves. The 
average pressure inside the chamber is then 
P1 = Ft $7 - PA $i ;’ 
Substitution of Eq. (10) into Eq. (7), and 
PA 
neglecting p terms yeilds 
W 
1. 
n + 
bl 
~~‘41 
(11) 
+ k rl = F. cos(wt) 
It is probable to assume that the damping 
due to extraction of energy by the turbine 
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will be significantly greater than the damp- 
ing due to skin friction type losses of the 
water in the cavity, thus we assume 
-La- 
pwLIAl 
.- 
and Eq. (1l)'reduces to 
. . FtAl . 
Ln n + pWL,A2%10D)n~ n + L1 = F. cos(wt) (12) 
Solution of Eq. (12) is ?ccomplished initial- 
ly by assuming that MODIn equals a constant, 
6*, so that 
; + c; + kn = Fo cos(wt) (13) 
where c = 
FtAl 
pWL1AzL8* 
and k = &- 
Ll 
Eq. (13) with B* assumed constant is a 
second-order, linear, non-homogeneous dif- 
ferential equation. It has a classical solu- 
tion of the form 
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v 
n= h cos(wt-a) (14) 
where w 
n 
= K, Cr =m and = = Tan -' $ 
However, B* = MOD/:1 is not a constant and 
Eq. (13) must be solved by successive approx-. 
imations until its equality is satisfied. A 
flow diagram of this process follows 
I Set 8* = 1 I 
I 1 
+ 
I 
FtAl 
I 
1 Calculate C = 
p,LlA#B* 
+ 
Calculate n, Eq. (14) 
When the MODI;/ is equal to 8* the non- 
linear differential equation, Eq. (12), 
satisfied. 
is 
The relationship between the power extracted 
by the turbine from the air forced through 
it, by the motion of the oscillating water 
column, is developed by applying the un- 
steady Bernoulli's energy equation between 
points 1 and 3 in Fig. 6. The amount of 
work done per unit weight of air passing 
through the turbine, dW/dw, is added in as 
an extracted energy term such that 
+9_1% 
2g (A2 - ' )'2 (15) 
'h+hL -n; _- 
g ( A2 t 1 
The weight of air per unit time passing 
through the turbine is expressed as dw/dt, 
resulting in the power extracted being given 
by: 
dw dW dW P=zx&-=x 
where g = pAgAl; 
(16) 
Substitution of Eq. (16) into Eq. (15) gives 
an expression for the power extracted once 
the dynamics of the internal fluid surface 
are known. 
P = PAgA@L - f($. - 1) ;12 (17) 
+hL 
A2 t 
It is assumed that the incompressible air 
above the free surface in the air chamber 
moves with the displacement of the free sur- 
face, nl = no sin(O), Fig. 7a. The air 
flows past a double-acting turbine and power 
is produced with both the rising and falling 
of the water surface,,Fib. 7b,c,d. The 
instantaneous power is time averaged, Fig. 
7e. The average power is given by: 
N 
JYI = E iPi1 (18) 
i=l 
N 
POWER EXTRACTION RESULTS 
The mathematical model of the energy extrac- 
tion process, utilizing an oscillating water 
column as previously developed, was program- 
med in FORTRAN and run on a digital computer. 
The model was applied to a bottom mounted 
structure with similar dimensions to those 
of a buoy type oscillating water column an- 
alysed by McCormick (1976). The input pro- 
perties required by the program are as fol- 
lows: 
Turbine loading (newtons) = variable 
Wave amplitude (meters) = 0.3048, 0.4575, 
0.9144 
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Water Depth (meters) = 30. 
Submerged Chamber (meters) = 5.49 
X-Dimension of Chamber (meters) = 0.54 
Y-Dimension of Chamber (meters) = 0.54 
Unsubmerged Chamber Length(meters) = 0.433 
Length of Turbine Passage (meters) = O-.763 
Area of Turbine Passage (meters) = 0.0337 
Initial Wave Period (seconds) = variable 
Final Wave Period (seconds) = variable 
The oscillating water column behaves as a 
mass, spring, damper system, with dynamic 
properties described by Eq. (11). The natur- 
al frequency of oscillation of a system de- 
scribed by this equation is given by mFI. 
For the system under consideration this 
occurs at a period of 4.7 seconds. Resonant 
conditions of the oscillating water column 
at 4.7 seconds are evident throughout the 
results. 
Initial comparisons are made with results ob- 
tained by McCormick (1976) for his floating 
buoy type OWC. Results are in the same 
order or magnitude, Fig. S, however signif- 
icant differences are apparent. Exact com- 
parisons are not possible since McCormick’s 
OWC is of the floating type having two res- 
onant conditions, one for the water oscil- 
lating in the column, the other for the 
heaving oscillation of the buoy. For struc- 
tures attached to the sea floor no heaving 
oscillation can occur. Also, it is not 
clear what reactive force (Ft) is applied to 
McCormick’s turbine. 
The power extracted by the OWC is described 
by Eq. (17). It is primarily a funct;on of 
the dynamics of the internal-free surface 
dynamic characteristics (_n, nz ij) and the 
internal pressure term, PI. PI is also a 
function of the internal surface dynamics 
and the turbine reactive force. Thus it is 
apparent that power may be extracted from 
the incident wave even though there is no 
turbine reactive force (i.e. F = 0). Tlnis 
power is due to the pumping action of the 
water column and is shown in Fig. 9, Fig. 10 
and Fig. 12, for F 
tl’ 
The corresponding 
values for the turbine reactive loads are 
given in Table 1. When the reactive force 
is increased it initially tends to reduce 
the dynamic behavior of the water column. 
For small increases in reactive force the 
contribution of the reactive force to the 
total power is not large enough to over come 
the reduction in the dynamic behavior of the 
water column and the total power output de- 
creases, Fig. 9, Fig. 10 and Fig. 12, as the 
reactive force increases. 
Examination of Eq. (17) shows that for in- 
creasing reactive loads eventually the con- 
tribution from the reactive load term should 
over come the reduction in power from the dy- 
namic free surface term and the power should 
once again increase. The power output does 
show to increase with increase in reactive 
load in Fig. 11 and Fig. 13, for wave 
heights of 0.4575m and 0.9144 m. No increase 
could be obtained for the 0.3048m wave 
as the reactive load was increased. This is 
due to a lack of energy in the small inci- 
dent wave. 
As the reactive loads are incrementally in- 
creased the power output increases but with 
decreasing increments as shown in Fig. 14. 
A maximum power output is reached for the 
turbine reactive load F 
t17’ 
Increasing the 
loading now only causes a stall condition 
in which the pressure in the chamber is too 
great for the power in the incident wave and 
the internal free surface can no longer rise. 
The internal free surface elevation is shown 
in Fig. 15 to drop off considerable, for an 
incident wave of period 6 seconds, as the 
turbine reactive load is increased from F 
t13 
to F 
t17- 
This incident wave has insufficient 
energy to support power production at the 
higher turbine loads. The longer period 
waves, of 9, 12 and 15 seconds, have suffi- 
cient energy to support power production well 
past the F 
t17 
loading. 
CONCLUSION 
The wave-energy extraction process utiliz- 
ing an oscillating water column can be 
mathematically modelled. 
The oscillating water column is an effec- 
tive wave-energy extraction system. 
Energy extraction is most efficiently 
accomplished near resonant conditions. 
Stall condition will occur for large 
turbine loading situations. 
NOMEMCLATURE 
= vector area 
A1 = area of water column chamber 
Ap = area of turbine chamber 
C = damping term, Eq. (13) 
Cr = critical damping term, Eq. (14) 
Fg = forcing term, Eq. (13) 
Ft = reaction froce on the turbine 
K = wave number 
Ll = submerged draft 
Lt = length of turbine chamber 
Pl. B1 = internal and area-averaged internal 
pressure 
PO 3 70 = pressure and area-averaged pressure 
at depth Ll 
V = vertical velocity 
_y 
V = velocity vector 
Y = volume 
W = work 
X, Y, 2 = space coordinates 
a = wave amplitude 
bl = skin friction damping coefficient 
g = acceleration of gravity 
h = water depth 
t = time variable 
w = weight of air 
= = phase angle 
6* = amplitude of the internal free surface 
velocity 
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Ax, Ay = x, y dimension of internal chamber 
M)Dlfi( = modulus of internal free surface 
. . . velocity 
II, n, n = internal free surface displacement 
velocity and acceleration __ 
w = frequency of the incident wave 
WN = natural frequency of the oscillating water column 
4 = velocity potential 
PA 
= density of air 
pW 
= density of water 
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TABLE 1 Turbine Reactive Loads 
Turbine Reactive Load 
F 
t1 
F 
t2 
F 
t3 
F 
t4 
F 
t!i 
F 
t6 
F 
t-I 
F 
tl3 
F 
t9 
F 
t10 
F 
t11 
F 
t12 
F 
t13 
F 
t14 
F 
t15 
F 
t16 
F‘ 
t17 
Turbine Force (Newtons) 
0.0 
0.04 
0.4 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 
10.0 
11.0 
12.0 
13.0 
14.0 
AREA_ )(-SECT. 
OF CHAMBER A1 
WATER DEPTH (h) 
I 
Fig. . OWC definition sketch 
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Fig. 3. Oscillating water mass. 
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Fig. 4. Force definition 
sketch. 
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Fig. 5. Wave characteristics. 
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Fig. 6. Turbine passage. 
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IFig. 7e. Time averaged 
instantaneous power 
curve. 
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Fig. 10. Power for wave period. 
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